■ INTRODUCTION
Carbonaceous particles, which contribute 10−70% to the atmospheric fine particulate matter, 1,2 are of worldwide concern due to their effects on climate and human health.
3,4 The complex content of carbonaceous particles (total carbon, TC) is commonly classified into elemental carbon (EC) and organic carbon (OC). EC derives from incomplete combustion of fossil fuels or biomass, and it shows an overall warming effect by either absorbing incoming solar radiation in the atmosphere or by reducing the albedo of surface (i.e., snow and ice). OC can be directly emitted as primary OC (POC) or secondary OC (SOC) from anthropogenic and natural sources.
5 OC generally triggers a cooling effect by reflecting incoming sunlight. 6 In addition, some organic species such as polycyclic aromatic hydrocarbons are carcinogens and toxins, 3 and EC may be coated by those toxic and carcinogenic OC compounds which increases the potential risk for human health. 7 Therefore, a detailed knowledge of sources of OC and EC is necessary to implement mitigation strategies for their reductions. Radiocarbon ( 14 C) analysis is a powerful tool to unambiguously distinguish fossil and nonfossil sources of carbonaceous particles. 8, 9 All fossil-fuel emissions such as petroleum and coal combustion are 14 C-free, whereas nonfossil emissions (e.g., biogenic emissions, biomass burning, cooking) contain the contemporary 14 C content. The difference of the 14 C levels of fossil and contemporary materials is independent of individual emission conditions or subsequent chemical transformations in the atmosphere. As OC and EC typically originate from diverse sources with different fossil/nonfossil shares, 14 C measurements of OC and EC as well as some other subfractions such as water-soluble OC (WSOC) and waterinsoluble OC (WINSOC) provide more information for the apportionment of their sources than 14 C analysis of TC alone.
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Aerosols emitted from highly polluted regions such as Asia enhance not only the local/regional pollution levels, 19−22 but may also ascend to the free troposphere, and be transported across the Pacific Ocean to North America, making it a global concern. 23 However, relative contributions from biomass/ biofuel burning and fossil-fuel combustion are not wellknown in this region with its increasing demand of energy due to growing population and economy growth. Using a 14 C source apportionment approach, Sheesley et al. (2012) 24 found that 73 ± 6% and 59 ± 5% of EC is from biomass combustion in Maldives and India, respectively. Recently, Chen et al. (2013) used "top-down" 14 C measurements in urban sites to determine that fossil combustion is responsible for 80 ± 6% of EC in East China. 25 However, 14 C measurement of specific carbonaceous aerosol fractions (i.e., OC, EC, WINSOC, and WSOC) in fine particles has not been reported in South China to our knowledge. In this work, PM 2.5 samples (particulate matter with an aerodynamic diameter <2.5 μm) were collected from May 2005 to Aug 2006 at Mt. Jianfeng (JF), on Hainan Island, South China. This is a regional background receptor site as it is influenced by air pollution outflows from mainland China and Southeast Asia. The objectives of this paper are (1) to directly discriminate and quantify carbon originating from fossil fuel and nonfossil sources by measuring 14 C in different carbonaceous subfractions with a newly modified thermaloptical method; (2) to examine how long-range atmospheric transport of both fossil and biomass-burning particulate pollutants from Southeast Asia influences on the regional aerosol burden in South China.
■ EXPERIMENTAL SECTION
Sampling Site. JF (18°40′N, 108°49′E, 820 m ASL) is situated at the southwest of Hainan Island, the southernmost province of China (Figure 1 ). It is located about 20 km west of the coast of Beibu Gulf (Gulf of Tonkin), 120 km northeast from Sanya (the second largest city of Hainan Province) and 315 km southeast from Haikou (the capital city of Hainan Province). The sampling site is located in a Long-term Research Station of Chinese Tropical Forest Ecosystem with a total area of 475 km 2 of tropical evergreen monsoon forest. Detailed information about this site can be found elsewhere. 26 It is expected that local pollution nearby has very limited influence on this site as the nearest town is approximately 10 km away. Anthropogenic emissions and biomass burning transported from South China and Southeast Asia are the two major potential sources at this site. 27 JF is therefore an ideal receptor site to study air-pollution outflows from mainland China, as well as the impact of Southeast Asian biomass-burning emission through long-range atmospheric transport.
Sampling Procedure. PM 2.5 samples were collected at the rooftop of a building (field observational station operated by the Chinese Academy of Forest) using high-volume samplers (Andersen Instruments/GMW) operated at a flow of ∼1. The filters were individually wrapped in aluminum foils, packed in airtight polyethylene bags and stored at −20°C for chemical analysis. Four field blanks were treated in the same way as the samples except that the collection time was only 15s.
Thermal-Optical Carbon Analysis. Small punches (1.5 cm 2 ) of the filter samples were taken for the analysis of the OC and EC mass concentrations by a thermal-optical carbon analyzer (Sunset Laboratory Inc., Tigard, OR) with a modified NIOSH (National Institute of Occupational Safety and Health) thermal-optical transmission protocol, which was described in detail by refs 28,29 . The replicate analysis of samples provided a good analytical precision with relative deviations of 4.4, 9.1, and 4.2% for OC, EC, and TC, respectively. The average field blank concentration of OC was approximately 2.0 ± 1.0 μg/cm 2 (equivalent to ∼0.5 μg/m 3 ), and EC blank was undetectable. The reported OC concentrations have been subtracted for the average field blank. 14 C Analysis of the Carbonaceous Fractions. A thermaloptical OC/EC analyzer (Model4L, Sunset Laboratory Inc.) equipped with a nondispersive infrared (NDIR) detector was used for the isolation of different carbon fractions for subsequent 14 C measurements using a four-step thermal-optical protocol Swiss_4S. The method is described in detail in Zhang et al. (2012) . 30 Briefly, OC was isolated at 375°C within 150s from untreated filters in an oxidizing atmosphere (O 2 , 99.9995%), whereas WINSOC was separated under the same conditions but from water-extracted filters. WSOC was deduced from subtraction of OC and WINSOC based on mass and isotope-mass balancing. EC was isolated by the combustion of the remaining carbonaceous material at 760°C within 150s in O 2 (99.9995%) after complete OC removal (i.e., 475°C 180s in O 2 , 450°C 180s and 650°C 180s in He) from water-extracted filters. The water-extraction treatment (see Supporting Information (SI)) is a prerequisite to isolate EC for 14 C measurement as this step can minimize the EC positive artifact from OC charring. 30, 31 In a recent study, we found that Table S1 and Figure S6 (Supporting Information). 30 The EC recovery for 14 C measurement in this work was 80 ± 5%, thus presenting almost the entire continuum of EC.
After the separation of the desired carbonaceous aerosol fractions, the resulting CO 2 was trapped cryogenically and sealed in glass ampules for 14 C measurement. 14 C measurement was conducted by the accelerator mass spectrometer MICADAS equipped with a gas ion source 32 to omit graphitization step, allowing measuring 14 C directly in CO 2 from 2 to 100 μg. All 14 C results were expressed as fraction of modern ( f M ), that is, the fraction of the 14 C/
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C ratio of the sample related to the isotopic ratio of the reference year 1950. 33 This data was then corrected for 14 C decay during the period between 1950 and the year of measurement. The f M value for samples from fossil sources is characterized by f M = 0 due to the extinction of 14 C with a half-life of 5730 years. The f M values of the contemporary carbon sources including biogenic and biomass burning ( f M,bio and f M,bb , respectively) are larger than 1 due to the nuclear-bomb excess in the 1950s and 1960s, 12,34 which were estimated for samples in 2005/2006 to be 1.13 ± 0.05 and 1.060 ± 0.015 for f M,bb and f M,bio , respectively. The value of f M,bb was estimated by a tree-growth model 35 including 10-year, 20-year, 40-year, 70-year, and 85-year old trees with weights of 0.2, 0.2, 0.4, 0.1, and 0.1, respectively, harvested in 2005, and the value of f M,bio was taken from the long-term series of 14 CO 2 measurements at the Schauinsland station. 34 The f M of nonfossil (f M,nf ) of EC equals f M,bb , given that biomass-burning combustion is the only nonfossil source of EC. The f M,nf of OC was determined as the average of f M,bb and f M,bio assuming that contemporary OC originates equally from biogenic emissions and biomass burning. Relative contribution of biomass-burning and biogenic emissions to nonfossil OC has very little impact on f M reference compared to other measurement uncertainties. 31 It should be noted that the uncertainty of source-specific contributions are dependent on the selected f M reference values. By varying reference f M ratios by ±0.05, the uncertainty is typically within 5%. In addition, f M (OC) was corrected by the average field blank with f M of 0.65 ± 0.01 (n = 2) following an isotopic mass balance approach. 36 And f M (EC) reported here was corrected for the premature EC loss during the OC removal step with an approach described in ref 30 . The typical uncertainties of source apportionment results arise from analytical uncertainties (i.e., OC/EC mass and isotope measurements), blank correction, the variability of reference f M,nf values and recoveries of different carbon fractions and approximately amounted to ±15%, ± 20%, ± 20%, and ±15% for fossil EC (EC f ), biomass-burning EC (EC bb ), fossil OC (OC f ), and nonfossil OC (OC nf ), respectively.
Backward Trajectory Analyses. Five-day backward trajectories were calculated using Gridded Meteorological Data combined with the Geographic Information System (GIS) based software, Trajstat 37 with programs for visualizing meteorological fields and the HYSPLIT4.8 module (http:// www.arl.noaa.gov/HYSPLIT.php). All trajectories ended at the sampling site were calculated at an interval of 6 h with an arrival height of 100, 500, and 1000 m during the 24h sampling period. The National Centers for Environmental Prediction and the National Center for Atmospheric Research (NCEP/NCAR) reanalysis meteorological data archives from National Oceanic and Atmospheric Administration (NOAA) (ftp://arlftp.arlhq. noaa.gov/pub/archives/reanalysis) were used as the input. According to the origin of the air masses and their transport pathways, the trajectories were then classified into three major categories: ( , respectively) and Akdala (OC and EC averaged 2.8 ± 1.2 and 0.36 ± 0.31, respectively). 39 The carbonaceous aerosols concentrations at JF were apparently lower than those at Manora Peak, India (OC and EC averaged 8.7 ± 4.5 and 1.1 ± 0.7, respectively) 38 and Kathmandu valley, Nepal (OC and EC averaged 4.8 ± 4.4 and 1.0 ± 0.8 μg/m 3 , respectively) in South Asia. 40 The time-series of the OC and EC concentrations over the 16-month period is plotted in Figure 2 . OC and EC concentrations were significantly lower (p < 0.05) during the wet summer-monsoon season (i.e., OC and EC averaged from the mid-May to August is 3.93 ± 1.31 μg/m 3 and 0.41 ± 0.13 μg/m 3 , respectively) and spring (i.e., OC and EC averaged from March to mid-May is 4.58 ± 2.22 μg/m 3 and 0.73 ± 0.41 μg/m 3 , respectively) than in fall (i.e., OC and EC averaged from September to mid-November is 6.65 ± 2.34 μg/m 3 and 0.88 ± 0.45 μg/m 3 , respectively) and winter (i.e., OC and EC averaged from mid-November to February is 6.62 ± 4.26 μg/m 3 and 0.94 ± 0.44 μg/m 3 , respectively). The lower concentrations of carbonaceous aerosols during summer have also been reported at Manora Peak/Nainitial, Nepal, 38 which was attributed to wet deposition of aerosols and low emissions. In this season, the air-mass transport was characterized by the prevailing southeasterly or southwesterly flows in association with clean marine air, consistent with the trajectory analysis below. In spring, the prevailing winds are southwestern or southeastern, and the air masses passed over Southeast Asia, which is less developed than SE China, and biomass burning is commonly found in this season. 41, 42 The high abundances of OC and EC in winter are most likely due to limited wet deposition during the dry condition and air pollution from the coastal and mainland of South China. The increasing of biofuel combustion for household heating in the cold season may increase the aerosols emissions as well.
OC-to-EC Ratios. OC was significantly correlated with EC (R 2 = 0.77, p < 0.05; SI, Figure S2 ), suggesting they may have similar sources. The OC/EC ratios in this study ranged from 4.0 to 13.4 (excluding two data points with ratio above 15) with an average of 7.3. They are significantly higher than typical mean OC/EC ratios (range from about 2.6 to 3.6) for fossilfuel dominated aerosols in Chinese urban cities but were in the similar range of the OC/EC ratios (range from about 4 to 13) in regions dominated by biomass burning. 39, 43 Cao et al. (2006) 44 also reported a calculated OC/EC ratio of 7.1 for the open biomass-burning inventory in China. 44 Elevated OC/EC ratios (with an average of 9.3) were found during summer, which is likely associated with an enhanced photochemical SOC formation compared to other seasons. Interestingly, we also observed moderately high OC/EC ratios in winter, which was likely due to increased OC from biomass burning (see following sections) along with SOC formation.
Effect of Long-Range Transport and Open Biomass Burning. As there are minor emissions of carbonaceous aerosol around the observation site, the large variability of OC and EC implies that the air quality of this regional background site could be frequently perturbed by long-range transport of air pollution, especially for air masses from Southeast China and Southeast Asia. The whisker box plots (Figure 3) show the concentrations of OC and EC for air masses originating from the three different groups of trajectories (see Section 2.5). The significant increase in both OC and EC is associated with the samples when highly polluted air masses traveled over the continent and the coast of SEC, where numerous industrialized and urbanized regions are located (e.g., the Pearl River Delta). This can be explained by the enhanced anthropogenic emissions from coal burning, biomass/biofuel combustion, cooking and vehicle emissions in this source region. 19, 39, 44, 45 Besides the relative clean air mass origin, the lower concentrations of OC and EC for the clusters SCS/WP and SEA were also caused by wet deposition during the summer monsoon season. However, two elevated samples (i.e., 12 March and 12 April, 2006) were also found for these two clusters, very likely caused by biomass burning in Southeast Asia, which will be explained in the following.
Five-day backward trajectories showed that the air masses had passed through open satellite-derived biomass burning regions (fire counts) of Southeast China (Jiangxi, Fujian and Guangdong) before reaching JF on 24 Dec, 2005 (SI, Figure  S3 ). The fire counts were detected by MODIS (moderate resolution imaging spectroradiometer) on the NASA satellites and the active fire data are available by online request (http:// earthdata.nasa.gov/firms). This observation was in line with the fact that the concentrations of OC and EC on that day were the highest during the entire study period. It should be noted that biofuels (including crop residues and fuel wood) are one of the major energy sources in the southeastern provinces of China. 46 Besides, fossil sources such as vehicular emission and coal combustion from Southeast China may contribute additionally to aerosol loadings at this clean site following the NE wind, which was also reported by . 27 With the 14 C measurements in different carbonaceous fractions, however, the relative contributions of fossil and nonfossil sources to carbonaceous particles can be directly quantified only in this study (see Section 3.4). Similarly, the air masses passed through the regions of Vietnam, Cambodia and Laos and Thailand before reaching the sampling site on 12 Apr, 2006, where open biomass burning occurred intensively (SI, Figure S4 ). High concentrations of OC and EC were found for this sample, but this enhancement was lower compared to winter conditions. Huang et al. (2012) 47 have recently reported biomass-burning emissions in spring 2006, which showed a peak in March and April when high active biomass burning occurred in most regions of SE Asia increasing the OC and EC loadings at a remote site in Southern Taiwan by long-range transport.
14 C-Based Source Apportionment.
14 C Results, Fraction of Modern. A subset of 8 PM 2.5 samples (two samples from each season) and two field blanks were selected for 14 C measurements (SI, Figure S5 ). The sample information, as well as the results of the fraction of modern (f M , see Section 2.4) of different carbonaceous fractions (i.e., EC, OC, WINSOC and WSOC) are compiled in Table S2 ( relative nonfossil contribution to OC. This prevalence may be caused by biogenic POC and SOC formation, which even could contribute substantially in winter due to the relatively high temperatures (13−18°C) at this tropical-forested site during sampling periods, or by substantial biomass-burning emissions and cooking, which are characterized by higher OC/EC ratios compared to ambient fossil emissions from traffic (e.g., 6.25 compared to 1.47 from 12 ). In this study, OC was further divided into two subfractions according to their water solubility, that is, WSOC and WINSOC for their 14 C/ 12 C determinations since WINSOC better represents primary organic carbon, whereas WSOC is a major portion of SOC, biomass-burning OC and/or aged OC. 15, 48, 49 The f M (WSOC) at this receptor site ranged from 0.66 to 1.02 with an average of 0.87 ± 0.13. High f M (WSOC) values were also reported for aerosols collected at other rural sites in Asia such as MCOH, Maldives (0.91−1.01) and Sinhagad, India (0.85−0.90). 15 The lowest f M (WSOC) at the JF site was observed in fall, which may be associated with aging and secondary formation of fossil emissions during long-range transport from urban regions in Southeast China. This is corroborated by Ding et al. (2012) , 50 who recently reported that >75% of SOC stemmed from aromatic precursors during fall and winter in the Pearl River Delta (PRD), South China, one of the most industrialized and densely populated regions in China. From a few available 14 C studies of WINSOC, f M (WINSOC) was found in nearly every case to be lower than the corresponding f M (WSOC) for aerosols at rural sites of Millbrook, NY and Harcum, VA, 51 and urban sites at Zurich and Bern in Switzerland. 52, 53 But such a trend (f M (WSOC) > f M (WINSOC)) was not observed in this study, likely due to large contribution of biomass burning to both WSOC and WINSOC.
Source Apportionment of EC. 14 C results of EC show that the contribution of fossil source to total EC (EC f ) ranged from 25% to 56% with an average of 38%, whereas the nonfossil contribution, that is, biomass-burning combustion (EC bb ) contribution amounted 44% to 75% with an average of 62% (Figure 4) . In order to study the impact of long-range transport on source characteristic of aerosols at the JF site, 14 C-based source apportionment results with different source regions are shown in Figure 5 . Higher EC f mass concentration was associated with samples with air-mass origin from SEC, which is consistent with the fact that EC emitted from coal combustion and vehicular emissions is higher in this region. The fossil contribution was higher in fall than in winter when the samples with air mass origin from SEC were further apportioned into the most frequent seasons, i.e., fall and winter ( Figure 5 ). The relative contribution from EC f was unexpectedly large for the samples with air masses originating in or traveling over SCS/ WP oceanic sources, which is likely due to minor local/ continental emissions (e.g., from Hainan province and Philippines) and/or extensive shipping activities in this region. However, both the absolute EC f and EC bb concentrations were still substantially lower than the concentrations with air mass origin from other source regions. For the samples with air-mass origin from SEA, 73% ± 6% of EC stemmed from biomass combustion, which may include burning of biofuels, agricultural crop residues and forests. The comparison of samples with air mass origins from SCS/WP and SEA for spring and summer indicated a clear dependence on the source regions, whereas a distinct seasonality could not be observed (SI Figure S6) .
Source Apportionment of OC. OC was dominated by nonfossil sources with a mean contribution of 81%, ranging from 65% to 91% with the highest fossil contribution in fall (Figure 4) . In contrast, the highest contribution from nonfossil OC (OC nf ) was found for samples with air masses origin in SEA and attributed to high biomass/biofuel combustion ( Figure 5) . Interestingly, the fraction of OC nf was higher in winter than in fall for samples with air masses from SEC, an area where traffic-related emissions are assumed to be a major contributor to OC. 54, 55 Such a high nonfossil contribution could be attributed to large open biomass-burning activities (see Section 3.3) and/or widespread use of biomass burning as residential heating and cooking in rural areas of SEC during the sampling time. This hypothesis is corroborated by Zhang et al. (2010c) 56 that found biomass/biofuel-burning activities in the rural parts of the PRD and neighboring regions have a significant impact on ambient urban aerosol levels. The absolute fossil OC (OC f ) concentrations in the samples with air masses originating from SEC were higher than those from SCS/WP and SEA by a factor of 2 to 5, although the relative fossil contribution was not elevated. This means that also the absolute OC nf concentrations were higher by a factor 2−5 for air masses from SEC compared to the other two regions.
Estimation of SOC. It is difficult to quantify POC and SOC due to the vast number of organic compounds with a variety of chemical and physical properties. However, it is possible to use an indirect method for the quantitative assessment of SOC, as the EC tracer method proposed by Turpin and Huntzicker (1995) 57 and Castro et al. (1999):
The minimum OC/EC ratio during the sampling periods is often assumed as the primary OC/EC ratio ((OC/EC) pri ) when SOC is unlikely to be produced. Nevertheless, some limitations exist related to the capability of this method. First, a differentiation of SOC from photochemically altered POC 5 is hardly possible by such simple techniques. Second, this approach could not be applied directly, as SOC formation may occur throughout all sampling periods with tropical climate conditions on the one hand and long-range transport of biomass-burning emissions can substantially lead to a higher OC/EC ratio on the other hand. Both factors would lead to biased estimations of SOC. 50 As a result, it is necessary to exclude effects from both biomass burning and SOC formation at this site before using the EC tracer method to estimate SOC. Here, a modified EC tracer method is used to estimate the fossil-derived SOC formation with the measurement of fossil WINSOC (WINSOC f ) and EC f by 14 C analysis. Since the majority of fossil OC is water insoluble, 13,53 and this approach excludes WSOC contribution which is often from biomass burning or SOC formation. 48, 49 As shown in Figure 6 , WINSOC f correlate well with EC f . Although one has found lower values in a tunnel, 59 the slope of 0.92 is in the range of urban sites in China (0.87−1.06 for OC/EC) 39 and also similar to OC/EC at other urban sites for purely primary emissions (e.g., refs 1, 60, and 61). It is worthy to note that a much higher primary OC/EC ratio (∼4.0) would be obtained if considering both WINSOC and WSOC fractions; however, such a high ratio is very unlikely. Consequently, WINSOC f was used as a tracer of fossil POC (POC f ) so that the slope of 0.92 estimates realistically the primary OC/EC ratio from fossil-fuel sources ((OC/EC) pri,f ). The consistency of this value with the literature suggests that the contribution of photochemically altered POC f is minor. The fossil-derived SOC (SOC f ) results as
This approach reveals an average SOC f contribution to OC f of 70% ± 7%, which indicates a dominating secondary component of fossil OC for all samples. In contrast to (OC/EC) pri,f , however, the approximation of OC/EC ratio for nonfossil sources is more complicated and less confident because of a large variation of OC/EC emission ratios of nonfossil sources. In addition, wood burning POC is partially water-soluble. Therefore, OC nf component was not further apportioned into POC and SOC.
Source Apportionment of Nonfossil OC. In contrast, the apportionment of OC nf into biogenic OC (OC bio ) and biomassburning OC (OC bb ) is more robust and has been used in previous studies.
12, 31, 62 As given in, 12 OC bb can be estimated from EC bb (see Section 3.4.2) and an assumed ratio for OC/EC in biomass burning emissions, that is, (OC/EC) bb , following:
Excess contemporary OC (nonfossil sources excluding biomass-burning sources) was then defined as OC bio :
Therefore, a determination of (OC/EC) bb is a crucial point to determine OC bb , since a wide range of (OC/EC) bb ratios can be found in literature (e.g., 2.5−10). 63 Nevertheless, a "bestestimate" of 6.3, 5.0, and 3.3 were used as (OC/EC) bb ratios for samples collected at Zurich, Birmingham and Barcelona, respectively.
12,31,62 Here, with the average (OC/EC) bb ratio of 5.0 ± 1.5, the relative shares of biogenic and biomassburning sources to OC nf are estimated semiquantitatively as 44 ± 14% and 56 ± 16%. A more quantitative determination is not possible due to the dependence of (OC/EC) bb on burning conditions and the lack emission data from this region.
Further, a significant correlation between EC bb and nonfossil WSOC was observed (R 2 = 0.94, p < 0.01; SI, Figure S7 ), implying large contributions of primary or secondary biomassburning sources to WSOC nf . This finding underlines that WSOC nf at the study site was mainly attributed to primary and/ or secondary biomass burning particles (i.e., secondary organic formation from photo-oxidation of volatile organic compounds released from biomass burning emissions and subsequent gasparticle partitioning of the less volatile products), whereas biogenic SOC contribution to WSOC nf was rather small.
Comparisons with Other Sites in Asia and Implications. Table S3 (SI) compiles 14 C-based source apportionment studies in Asia. Only with an exception at Yufa (located only ∼50 km to Beijing), nonfossil sources were a major contributor of TC at rural or background sites, ranging from ∼64 to ∼85%. Lower but still substantial nonfossil contributions (i.e., ranging from 34% to 49% for annual mean values) were found at urban or suburban sites in Asia, likely due to common practice of biomass burning for cooking and heating in Asia.
14 C measurements of OC and/or EC were only reported in a few comparative studies due to analytical challenges in separation of different carbonaceous fractions. OC is generally dominated by nonfossil sources, whereas contemporary sources are large if not predominant contributors of EC at the site of JF, which underlines the influence of biomass burning/biofuel combustions on EC loading in Southeast China. Although different separation and determination methods were used, other studies in Asian areas such as the Maldives, West India and Japan also reported the importance of biomass-burning contributions to EC (42−73%, see Table S3 in SI). Even in urban sites, contemporary sources were still considerable despite the importance of contributions from fossil sources to OC and EC. These results imply the relevance of nonfossil sources such as urban food cooking and biomass combustions to urban particles loadings. 64 In addition, regional biomass combustions including open agricultural residual burning and biofuel combustion for cooking and heating in rural sites could also be considerable contributors to urban particulate matter. Therefore, regulating carbonaceous particles (both OC and EC) and other aerosol emissions not only from fossil sources such as vehicles and industry, but also from biomass/biofuel combustions would be beneficial for air quality in both rural and urban regions of Asia, and also provide a good opportunity to reduce EC's climate warming impact.
Further experiments are needed to constrain sources of carbonaceous particles, and thereby to better constitute and implement relevant regulation policy with respect to climate and human health benefits. This is especially needed in China considering the large but poorly constrained carbonaceous aerosols emissions. We therefore suggest conducting 14 C measurements of different carbonaceous particles fractions in combination with other techniques (e.g., organic tracers and aerosol mass spectrometer) in a strategic multisite (including both urban and rural sites) campaign in South or Southeast China. 
